Hydrothermal pretreatment of five lignocellulosic substrates (i.e. wheat straw, rice straw, 2 biomass sorghum, corn stover and Douglas fir bark) were conducted in the presence of CO2 3 as a catalyst. To maximize disintegration and conversion into bioenergy (methane and 4 hydrogen), pretreatment temperatures and subsequent pressures varied with a range of 5 26-175 o C, and 25-102 bars, respectively. Among lignin, cellulose and hemicelluloses, 6 hydrothermal pretreatment caused the highest reduction (23-42%) in hemicelluloses while 7 delignification was limited to only 0-12%. These reductions in structural integrity resulted 8 in 20-30% faster hydrolysis rates during anaerobic digestion for the pretreated substrates 9 of straws, sorghum, and corn stover while Douglas fir bark yielded 172% faster 10 hydrolysis/digestion due to its highly refractory nature in the control. Furans and phenolic 11 compounds formed in the pretreated hydrolyzates were below the inhibitory levels for 12 methane and hydrogen production which had a range of 98 -340 ml CH4/ g volatile solids 13
Introduction 1
As energy sustainability concerns are increasing globally, alternatives to renewable energy 2 sources are being brought to the forefront. Among these renewable sources is the 3 development of an energy efficient biomass-to-biofuel process which can replace fossil fuel 4 use and reduce greenhouse gas emissions. In particular, lignocellulosic agricultural 5 residues have a very significant unutilized energy potential. For example, lignocellulosic 6 biomass is abundant all year round and often after the remaining portion is used as animal 7 feed it is burnt in an open environment which can further cause environmental concerns 8 was quite substrate specific due to differences in the interstitial volume of the solids and 10 therefore water absorption capacities of substrates affecting headspace pressure. 11
Therefore, in all of the pretreatment runs, maximum temperature reached exceeded the set 12 temperature due to common overshooting reported for Parr reactors without water or fan 13 cooling. Table 2 lists the actual maximum temperatures/pressures observed for each 14 substrate. The overshooting was higher (60%) at the low set-temperature (50 o C) than that 15 (17%) of the high set temperature (150 o C) as these reactors are designed to reach 16 temperatures up to 350 o C in a short period of time. 17
Anaerobic inocula 18

Inoculum for BMP assay 19
The inoculum used for BMP assays was granular sludge from a mesophilic upflow 20 anaerobic sludge blanket (UASB) reactor utilizing wastewater from a sugar factory in 21
France. Prior to setting up the BMP assays, the inoculum was placed in a closed 5-L glass 22 vessel, diluted 10 times with distilled water to total solids (TS) and volatile solids (VS) 23 concentrations of 1.24 ± 0.01 and 1.08 ± 0.02% (by wt.), respectively, and mixed to break 1 apart the granules under endogenous anaerobic conditions (35 o C for 5-7 days) to reduce 2 non-specific biogas generation. The inoculum had a maximum specific methanogenic 3 activity of 33 ± 2 mL CH4/g VS/d, as measured by degrading 1.3 ± 0.3 g/L of ethanol as 4 chemical oxygen demand (COD). 5
Inoculum for BHP assay 6
Among the three inocula tested (granular sludge described above, activated sludge, 7 municipal sludge digested under low pH conditions in a BMP bottle), the inoculum chosen 8 for BHP assays was the activated sludge taken from the aeration tank at the municipal 9 wastewater treatment plant (WWTP) in Narbonne (France). The decision was based on 10 rate/extent of H2 yields from a preliminary BHP assay (in four replicates) conducted with 11 glucose (5 g COD/L) at a substrate to inoculum ratio (S/I) of 10 g COD/g VS at mesophilic 12 temperature (37 o C). The activated sludge had a TS and VS concentration of 0.46 ± 0.00 and 13 0.33 ± 0.00% (by wt.), respectively, and achieved a maximum H2 yield of 1.2 ± 0.2 mol 14 H2/mol glucose within the first 39-40 hours while the granular sludge achieved a similar 15 yield (1.2 ± 0.1 mol H2/mol glucose) only after 61 hours. The digested municipal sludge 16 reached a maximum yield of only 0.6 ± 0.2 mol H2/mol glucose after 48 hours. Before the 17 addition to the BHP assays, all three inocula were thermally treated for 30 min in capped 18 glass tubes immersed in a water bath set at 90 o C to inhibit the activity of methanogens. 19
BMP Assay Set-up 20
A total of four sets of BMP assays were conducted concurrently to determine methane 21 potential from liquid and solid fractions of pretreated substrates in both Stage I and II 22 ( Figure 1 ; Table 2 ). A total of 72 bottles (including pretreated, non-pretreated substrates 23 and blanks in triplicates) were operated, with solid and liquid fractions set-up in bottles 1 with 600 mL (350 mL liquid) and 120 mL (80-84 mL liquid) total volumes, respectively. 2 BMP assays with solid fractions contained total substrate concentration of 5 g VS/L and the 3 amount of the substrate and granular inoculum added to each bottle was calculated 4 considering S/I ratio of 1 which has been previously used for various lignocellulosic 5 substrates (Sambusiti et al., 2012a; Monlau et al., 2013b). For the liquid fractions, a 6 substrate concentration and S/I ratio in the bottles was 2.5 g COD/L and 0.5 g COD/g VS, 7
respectively. Each assay contained: macroelements (NH4Cl, 286 mg/L; KH2PO4, 108 mg/L; 8 MgCl2, 65 mg/L; CaCl2, 32 mg/L), oligoelements (FeCl2, 20 mg/L; CoCl2, 5 mg/L; MnCl2,1 9 mg/L; NiCl2, 1 mg/L; ZnCl2, 0.5 mg/L; H3BO3, 0.5 mg/L; Na2SeO3, 0.5 mg/L; CuCl2, 0.4 mg/L; 10 Na2MoO4, 0.1 mg/L), and a bicarbonate buffer solution (NaHCO3, 2.6 g/L). Finally, the 11 nitrogen gas was purged into each bottle to remove the residual oxygen and the bottles 12 were sealed with septa/caps. The septa were then punctured to release excess N2 pressure. 13
The bottles were placed on a shaker (at 90 rpm) in a temperature controlled room at 37°C. 14 Accumulated gas pressure in the bottles were measured with a digital manometer (LEO 2, 15
Keller, Switzerland), while biogas composition was analyzed by a gas chromatograph (GC) 16 every time excess pressure was released until bottles stopped producing biogas. 17
BHP Assay Set-up 18
Based on the biodegradation potential comparison among substrates from BMP, BHP 19 assays excluded Douglas fir bark and assessed hydrogen yields and by-products of dark 20 fermentation from liquid fraction of pretreated straws, sorghum and corn stover only at the 21 most intensive condition (set temp:150°C, initial CO2 pressure: 50 bar, 30 min). BHP assays 22 included a total of 21 bottles set-up with hydrolyzes of pretreated substrates and control 23 (glucose) in 3-5 replicates (depending on the volume recovered after pretreatment). 1 Bottles had total and liquid volume of 120 mL and 60 mL, respectively and the amount of 2 the substrate and inoculum needed for each bottle was calculated considering a S/I ratio of 3 8.7
, where degradable COD was estimated as total sugars (i.e. summation of 4 cellobiose, glucose, xylose, arabinose concentrations in Table 3) addition of substrate and dilution solution, pH of the bottle content was adjusted to 6 by 11 adding drops of NaOH solution (32% by vol.). Then thermally treated inoculum (activated 12 sludge) was added. Finally, the bottles were sealed with septa/caps and the nitrogen gas 13 was purged to each bottle to remove residual oxygen. The bottles were then placed on a 14 shaker (at 90 rpm) in a temperature controlled room at 37°C. Accumulated gas pressure in 15 the bottles was measured with a digital manometer (LEO 2, Keller, Switzerland), while 16 biogas composition was analyzed by a GC every time excess pressure was released until 17 cumulative hydrogen yields plateaued and the first signs of hydrogen consumption 18 (reduction in H2 % in headspace) were observed. Upon termination of assays, metabolites 19 of dark fermentation were quantified. 20
Analytical procedures 21
The TS/VS analysis of raw/pretreated substrates and inocula was done according to the 2014; Hosseini Koupaie and Eskicioglu, 2016). In this study, all BMP assays generated 15 biogas without any acute inhibition, therefore the first order kinetic constants were 16 estimated by Equation (3) that does not take into account lag phase: 17
where BMPt is cumulative specific methane yield (ml CH4/g VSadded) at a given time, t, 18 calculated from Equation (4) below; BMPt→∞ is the ultimate specific methane yield (ml 19 CH4/g VSadded) obtained at the end of the assay; k is the first-order hydrolysis constant 20
(1/d), and t is the digestion time (d). 21 (4) where (VCH4,s,t -VCH4,blank,t) is the net methane volume (ml) obtained from the substrate only, 1 adjusted to the standard temperature (0°C) and pressure (1 atm) condition (STP); VSs is the 2 mass of substrate VS in the bottle (g). 3
In order to model BHP assays from pretreated hydrolyzates with initial lag period, the 4 following modified Gompertz equation was used (Equation (5)): 5 (5) Where P is the maximum specific cumulative H2 production (ml H2/g VSadded); Rm is the 6 maximum specific H2 production rate (ml H2/g VSadded/h); λ is the lag phase (hr); t is the 7 fermentation time (hr); and e is exp (1). Ht represents cumulative specific H2 production 8 expressed as ml H2/g VSadded at a given time (t) at STP (0°C, 1 atm). 9
Parameter estimation was conducted by fitting the measured to predicted BMP and BHP 10 data and using the Microsoft Excel 2013 Solver function to estimate the values of k, P, Rm, 11 and λ. The coefficient of determination, R 2 , was used to evaluate the adequacy of fit. temperature and pressure effects were combined, up to 29% reduction was observed in 6 hemicellulose of non-pretreated wheat straw (Figure 2a) . 7
Impact of pretreatment on biomass biodegradability 8
Methane production 9
The mesophilic BMP assays were monitored for 71-92 days for liquid fractions (Figures 3a  10 and c) and 123-125 days for solid fractions (Figures 3b and d ) of substrates. Non-11 pretreated substrates generated ultimate cumulative specific methane yields of 256 ± 18, 12 340 ± 2, 311 ± 5, 336 ± 11, 98 ± 5 ml CH4/g VSadded for wheat straw, sorghum, rice straw, 13 corn stover and Douglas fir bark, respectively. As expected, for raw lignocellulosic 14 substrates, low lignin and high hemicellulose/cellulose levels for sorghum and corn stover 15 COD, VFAs, and soluble sugars increasing with the intensity of pretreatment (Table 3) . 6
During Stage II, after releasing of sugars from solid into the liquid phase, similar behavior 7 was observed for the sugar-rich substrates of sorghum and corn stover (Table 3) 
Hydrogen production 3
The mesophilic BHP assays were monitored for 48 hours for the control (glucose), 68 hours 4 for liquid fractions of sorghum and corn stover, and 112-119 hours for wheat and rice 5 straws. The assay termination times were determined based on reaching the maximum 6 hydrogen yield and the first decrease in hydrogen percentage (consumption) in bottle 7
headspace. For the heat treated (90 o C, 30 min) inoculum (activated sludge from Narbonne 8 WWTP), the lag phases of H2 production were 15, 24, 39, and 42 hours for control, 9 sorghum, corn stover, and wheat/rice straws, respectively. 10
Among BHP assays, the ultimate specific hydrogen yield for the control (135 ± 25 ml H2/g 11 CODadded; 1.2 ± 0.2 mol H2/mol glucoseadded) was the highest, followed by the hydrolyzates 12 of hydrothermally pretreated sorghum (55 ± 5 ml H2/g CODadded), corn stover (52 ± 6 ml 13 H2/g CODadded), wheat straw (32 ± 4 ml H2/g CODadded), and rice straw (26 ± 2 ml H2/g 14 was also detected in the control BHP with glucose (5 g COD/l) and BHP with sorghum at 21 higher levels (0.7-0.9 g/l) than the other assays (0.1-0.2 g/l), suggesting a more 22 pronounced population shift to solvent (non-hydrogen) production such as ethanol from 1 hydrogen production in these BHP assays than the others. Metabolite results in Figure 4 2 also suggest that readily biodegradable sugars quantified in hydrolyzate samples (Table 3)  3 were all consumed. 4
Biodegradation kinetics 5
Kinetic parameter estimation results are tabulated for raw and hydrothermally pretreated 6 substrates in Table 4 for BMP assays and in Tables 5 for hydrolyzate BHP assays. For 7 comparison with raw substrates, specific BMP results from liquid and solid phases of 8 pretreated substrates were added together (based on VS distribution between liquid and 9 solid fractions after pretreatment) prior to parameter estimation analysis. As it can be seen 10 in Table 4 , the first-order kinetics was successful in predicting specific cumulative BMP's 11 with the squared correlation coefficient, R 2 , generally close to unity, being greater than 12 0.97. For visual observation, predicted BMPs were also plotted along with the observed 13 values (Supplementary data; Figure S1 ). It is important to emphasize that improvements by 14 hydrothermal pretreatment was in terms of hydrolysis rate rather than the extent of the 15 methane production for all the substrates except Douglas fir bark. For wheat/rice straws, 16 sorghum and corn stover, hydrothermal pretreatments (165-175 o C/66-102 bars/30 min) 17 with CO2 addition increased the hydrolysis constant by 20-30% (relative to controls). 18
However, for Douglas fir bark, both the rate as well as the extent of digestion was 19 significantly enhanced by the pretreatment with 172% faster hydrolysis rate compared to 20 its control (Table 4) , as the control digester was challenged as a result of the highly 21 refractory nature of this biomass. In general, these increases in k constant represent lower 22 improvements compared to thermochemical pretreatments, which can be as high as 65% 23 and 163% for sorghum and wheat straw, respectively, at a pretreatment combination of 1 10% NaOH, 40 o C for 24 h (Sambusiti et al., 2012b) . Similarly, the modified Gompertz 2 equation represented the measured BHP data successfully with R 2 values higher than 0.92 3 (Table 5 ; Figure S2) . 4
Energy yield from possible digestion scenarios 5
For the pretreatment conditions with available data on both CH4 and H2 yields, the total 6 produced energy from two possible configurations (one-stage CH4 and two-stage H2/CH4) 7 are compared in Table 6 . In the one-stage CH4 option, both liquid and solid fractions 8 contribute to CH4 generation, while in the two-stage H2/CH4, liquid fraction is sent to dark 9 fermentation first for H2 generation and then metabolites of dark fermentation is treated 10 for CH4 production along with the solid fraction. CH4 potential from metabolites (Fig. 4)  11 was calculated based on their theoretical methane potential. As it can be seen from Table 6 , 12 the rest of the pretreatment conditions achieved similar energy yields between the two 13 scenarios except for the sorghum with high H2 potential from readily biodegradable sugars 14 and CH4 potential from dark fermentation by-products giving an advantage to the two-15 stage H2/CH4. Although the hydrogen yields from the first-stage were low compared to 16 literature, total energy obtained from both configurations are in the range reported for 17 similar substrates compiled in a review (Monlau et al., 2013c) . 18
Conclusions 19
Hydrothermal pretreatment (26-175 o C, 25-102 bars, with CO2 as catalyst) of various 20 lignocellulosic substrates decreased the hemicellulose content by 23-42% while 21 delignification was limited to 0-12%. The pretreatment was able to accelerate the rate of 22 biodegradation by 20-172% without generating high levels of inhibitory compounds. There 23 was no discernable enhancement in the ultimate methane or hydrogen yield observed 1 except for the most refractory biomass (Douglas fir bark). Between two possible reactor 2 configurations after pretreatment (one-stage CH4 and two-stage H2/CH4), straws and corn 3 stover achieved similar energy yields (9.5-11.7 MJ/kg) while sorghum with high sugars/H2 4 in a two-stage H2/CH4 achieved 41% higher energy yield than the one-stage CH4 process. 5
Compared to other lignocellulosic biomass pretreatment techniques, hydrothermal 6 pretreatment with CO2 pressurization requires only heat energy and CO2, which is easily 7 available on fermentation or biogas plants and is easily released by depressurization at the 8 end of the pretreatment. One of its considerable advantages is the low level of inhibitory 9 substances produced. Its industrial application may be relevant in the case of refractory 10 biomass such as Douglas fir bark, allowing the use of some substrates whose adaptation to 11 biogas plants would not have been possible without such pretreatment. Further work 12 should thus optimize these pretreatment conditions in the case of refractory biomass, and 13 carry out a life cycle analysis to assess environmental impacts in comparison to more 14 conventional pretreatment techniques. 15
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